Gold nanomaterials as computed tomography (CT) contrast agents at lower X-ray dosage to get a higher contrast have advantages of longer imaging time and lower toxic side effects compared to current contrast agents. As a receptor for Cyclo (Arg-Gly-Asp-D-PheLys) (RGD) peptide, integrin V 3 is overexpressed on some tumor cells and tumor neovasculature. In this paper, we conjugated the RGD peptide on the surface of gold nanorods (AuNRs), designated as RGD-AuNRs, a promising candidate in applications such as tumor targeting and imaging capability for micro-CT imaging. Integrin V 3 -positive U87 cells and integrin V 3 -negative HT-29 cells were chosen to establish animal models relatedly and then texted the tumor targeting ability and imaging capability of RGDAuNRs in vitro and in vivo. The MTT assay and stability measurement showed that RGD-conjugation eliminated their cytotoxicity and improved their biocompatibility and stability. Dark-field imaging of U87 cells and HT-29 cells testified the binding affinities and uptake abilities of RGD-AuNRs, and the results showed that RGD-AuNRs were more specifical to U87 cells. The enhanced micro-CT imaging contrast of intramuscular and subcutaneous injection illustrated the feasibility of RGD-AuNRs to be contrast agents. Furthermore, the micro-CT imaging of targeting U87 and HT-29 tumor models verified the targeting abilities of RGD-AuNRs.
Introduction
Medical imaging plays an important role in overall cancer diagnostics and planning and analysis of the therapeutic effect. Some structural imaging modalities, such as computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound imaging, are used to study the different biological processes of tumor and provide some basic information regarding tumor location, size, and shape. However, these imaging modalities rarely detect tumors smaller than 0.5 cm, which limits their application in early clinical diagnosis [1] . In recent years, many different types of targeted nanomaterials, such as gold nanostructures [2] [3] [4] [5] , superparamagnetic nanoparticles [6] [7] [8] , and ultrasound microbubbles [9, 10] , have been developed for structural imaging modalities and help them acquire much higher resolution anatomic images.
Among all the imaging techniques, X-ray computed tomography (CT) is one of the most effective methods for the diagnosis and treatment of diseases in hospitals today for its availability, high efficiency, and low cost [11, 12] . There is no doubt that CT is among the leading technologies in cancer management. CT is able to provide supplementary anatomical information to assist the diagnosis and treatment of the tumors [2] . Due to the fact that CT relies on the X-ray attenuation by the tissues, electron-dense parts could get better images. Compared to soft tissues, hard tissues have a higher X-ray attenuation. However, the contrast between soft tissues is not obvious due to their similar CT values in the range from 0 through 50 Hounsfield Units (HU) [13] . In terms of the limitations of current contrast agents, CT imaging results are not satisfied. Hence, a major challenge in CT imaging of biological tissues is to achieve a high concentration of contrast agents gathered at the lesion site [14, 15] . Iodine containing molecules as contrast agents are commonly used in conventional CT imaging [14] . Such contrast agents have advantages in absorbing X-ray, but they do not possess the function of specific targeting due to the fact that they cannot conjugate to most biological components or identify cancer markers [3] . It is impossible for iodine containing molecules to accumulate at focus of infection at a concentration high enough to be 2 Journal of Nanomaterials detected by current CT scanners. High osmotic pressure and viscosity may cause side effects and renal toxicity; kidney failure has also been reported [16] . Moreover, due to the rapid renal clearance, they allow very short imaging times [17, 18] . Compared to traditional clinical CT equipment of high efficiency for conventional diagnosis in terms of their short response time (e.g., five seconds to capture effective information), micro-CT systems are often quite insensitive (e.g., ten minutes to scan a mouse) [16] . Therefore, X-ray contrast agents also need further development for better use.
It is imperative to develop contrast agents to overcome the shortcomings of current CT imaging. It is well known that CT contrast agents with high atomic number materials could produce better contrast effect than iodine-based contrast agents and have the ability to lower the radiation exposure to patients [19] . It has been reported that compared to iodine, gold has a higher attenuation coefficient and 2.7 times greater contrast effect than iodine at the same X-ray dose [20] . In addition to the advantages above, the applications of gold nanoparticles for cancer diagnosis and CT imaging are superior with the properties of easy modification in the surface to conjugate with specific functional molecules for targeting tumor cells (e.g., antibody and peptides) and the satisfactory biocompatibility [16] . In recent years, nanomaterials have obtained more attention due to its special optical properties and shape. With the change of the shape, gold nanorods (AuNRs) perform tunable optical properties which could be applied on biomedical targeting, photothermal therapy, and in vivo imaging [21, 22] . More recently, AuNRs as a potential X-ray contrast agent have been used in computed tomography (CT) imaging [23] . Although the CT contrast effect is not affected substantially by the shape of nanoparticles, gold nanorods have the advantage of being functionally modified. More importantly, the gold nanorods exhibit a better performance in evading clearance by phagocytes to get a longer circulation time than spherical nanoparticles [13] . Currently, iodine-based CT contrast agents imaging have a very short half-life time (<10 min), and there is no specific targeting of the tumor. In the literatures, it has been reported that PEGylated gold nanorods can lead to a prolonged half-life time of 19 h [24] . On the other hand, to increase targeting ability, AuNRs can be functionalized by chemical modification such as DNA, peptides, and antibodies [2, 21, 25] . It is well known that integrin V 3 plays a decisive role in tumor growth, invasion, and metastasis. Integrin V 3 has a negligible expression on epithelial cells and mature endothelial cells, but it is highly upregulated on the activated endothelial cells of tumor neovasculature and some tumor cells such as human glioblastoma cell line (U87) [26, 27] . It is noteworthy that peptides (RGD) could target integrin V 3 , which can specifically track several kinds of tumors whereas antibody can only specifically recognize one certain kind of tumor.
Over the past decade, a series of (Arg-Gly-Asp-D-PheLys) (RGD) peptides based probes has been managed in the use of multimodal molecular imaging of integrin V 3 expression, and the RGD sequence probes with radionuclide have been used in clinical study [27, 28] . Different from the extensive application of radiolabeled RGD peptide for tumor imaging, the RGD-based nanoprobes with targeting ability are usually rare [28] .
In this paper, we obtained RGD-AuNRs nanoprobes with an ability of targeting tumor cells by modification with a bifunctional PEG and conjugation with RGD peptide. By cell viability assay and dark-field imaging, we verified the biocompatibility of RGD-AuNRs which facilitated the subsequent in vivo experiments. First, the comparison of micro-CT imaging between AuNRs and iohexol showed the advantage of AuNRs in terms of CT contrast effect. Second, to verify the feasibility of RGD-AuNRs for CT imaging in vivo, in vivo micro-CT imaging of intramuscular and subcutaneous injection of RGD-AuNRs was managed. Last, RGD-AuNRs were tail vein injected into U87 tumor model (with integrin V 3 -positive tumor cells) and HT-29 tumor model (with integrin V 3 -negative tumor cells). Then, micro-CT imaging of two tumor models were performed to detect the targeting ability of RGD-AuNRs and the imaging effect of the tumor site. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Aladdin (Shanghai, China). Cyclo (Arg-Gly-Asp-DPhe-Lys) (RGD) was prepared by GL Biochem Co. Ltd. (Shanghai, China). All the above chemicals were used without any further purification. Deionized water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ cm −1 was used in all the preparations.
Materials and Methods

Preparation of AuNRs.
AuNRs was prepared based on the seed-mediated growth method of Nikoobakht and ElSayed [29] . Seed solution was needed to prepare AuNRs. 5 mL of HAuCl 4 (0.5 mM) was added into 5 mL of CTAB solution (0.2 M). Then, 0.6 mL of NaBH 4 (0.01 M) at 0 ∘ C was added. The seed solution was vigorously stirred for 2 min and kept at 25 ∘ C. Then, we prepared growth solution. 0.25 mL of AgNO 3 solution (0.004 M) was mixed with 5 mL of CTAB solution (0.2 M) at 25 ∘ C. 5 mL of HAuCl 4 (1 mM) was added into the mixture, and then 70 L of ascorbic acid (0.0788 M) was added which changed the color of solution from yellow to colorless. Finally, 12 L of the seed solution was injected into the growth solution, then standing for 3 h at 27.5 ∘ C. The product was kept at 4 ∘ C for further use. RGD was conjugated to PEG-AuNRs. [30] . Figure 1 shows the synthetic pathway for preparing RGD-conjugated PEGylated AuNRs. (i) 30 mg of HS-PEG-COOH (MW = 5 k) was added into 2 mL of gold nanorods solution (C Au = 300 g/mL) and then stirred for 24 h at 25 ∘ C. To remove unreacted PEG, the mixture was centrifuged at 11,000 rpm for 10 min and then was resuspended in 2 mL of phosphate buffered saline (PBS) (pH = 7.4). (ii) 16.91 mg of EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 10.15 mg of Sulfo-NHS (N-hydroxysulfosuccinimide) were added into the mixture for 30 min to activate the carboxyl groups on the surface of AuNRs and stabilize the activated groups of carboxyl. The mixture was centrifuged at 11,000 rpm for 10 min to remove the excess EDC and Sulfo-NHS and resuspended in 2 mL of PBS. (iii) The final step was to conjugate RGD (MW = 5 k). 500 L of RGD (1.656 mol/mL) was added to 2 mL of PEGylation-AuNRs (PEG-AuNRs) solution and reacted at 4 ∘ C for 6 h. After the reaction, excess RGD was removed by centrifugation at 11,000 rpm for 10 min and resuspended in 1 mL of PBS.
Characterization of Gold Nanomaterials.
To characterize the gold nanomaterials, zeta potentials were measured with a Zetasizer Nano ZS in water (Malvern Zen 3690, United Kingdom) and UV-Vis spectrums were measured at 25 ∘ C by the SHMADZU UV-2450 UV-visible spectrophotometer with 1 cm quartz cell. Transmission electron microscope measurements were performed by H-600 (Hitachi, Japan) operated at 75 kV accelerating voltage.
Cell
Culture. Human glioblastoma cell line (U87) (integrin V 3 -positive tumor cells) and human colon malignant tumor cell line (HT-29) (integrin V 3 -negative tumor cells) were cultured in 90% Dulbecco's Modified Eagle's Medium (DMEM) of high glucose culture medium (Hyclone, Thermo Scientific, US) with the addition of 10% fetal bovine serum (Hyclone, Thermo Scientific, US) and 1% antibiotics (Hyclone, Thermo Scientific, US). Temperature and carbon dioxide content were maintained at 37 ∘ C, 5%.
MTT Assay.
To certify the biocompatibility of gold nanomaterials, cell viability assays were managed. The U87 and HT-29 cells were inoculated into 96-well plates (5,000 cells per well), respectively, and incubated for 24 h. The sterile AuNRs and RGD-AuNRs were added to 96-well plates (200 L per well) at different concentrations (100, 10, 1, 0.1, 0.01, and 0.001 nmol/mL, Au). Then, The U87 and HT-29 cells were incubated for another 72 h. After incubation, the cells were exhaustively washed with sterile PBS to remove residual gold nanomaterials. 20 L MTT (5 mg/mL) was added to each well subsequently and incubated for 4 h. 150 L DMSO was added to each well to dissolve the formazan crystals and then the medium was shocked for 15 min. Reading was taken in Spectramax 190 (Molecular Devices, China) at 490 nm.
Dark-Field Imaging.
To evaluate integrin V 3 binding affinities and uptake abilities of gold nanomaterials with tumor cells, the U87 and HT-29 cells were chosen and incubated for 3 days. After trypsinized, the cells were centrifuged at 800 rpm for 5 min. The supernatant was discarded, and the solid was suspended in 2 mL culture medium which was then distributed into two sterile tubes homogeneously. 200 L of PEG-AuNRs and RGD-AuNRs (C Au = 600 g/mL) were added to U87 cells, respectively, with HT-29 cells being the same case. Then, U87 and HT-29 cells were incubated in cell incubator for 30 min at 37 ∘ C. The cells were rinsed with PBS twice and then resuspended in 200 L PBS to remove unbound nanomaterials. Glass slides were prepared and fastened with clean-mounts. An Olympus IX70 microscope at 40x magnification was used to perform dark-field imaging.
Micro-CT Imaging of Gold Nanomaterials
Micro-CT Imaging of AuNRs. Different concentrations
of AuNRs (C Au = 1, 5 and 10 mg/mL), iohexol (10 mg/mL), and deionized water were prepared in 200 L tubes. Tubes were divided into three groups, including experiment group (AuNRs), control group (iohexol), and blank (deionized water), and then scanned by a micro-CT imaging system which consisted of a microfocus X-ray source (Apogee, Oxford Instruments) and an X-ray flat panel detector (C7921CA-02, Hamamatsu, Japan), with the following operating parameters of 50 kV, 1 mA with a 512 × 512 matrix size, and 360 views.
Feasibility Verification of In Vivo Micro-CT Imaging of RGD-AuNRs.
Female mice weighing about 27 g were purchased from the Department of Experimental Animal of Xi'an Jiaotong University. The animals were treated in accordance with institutional animal use and care regulations. After the mouse was anesthetized (with 0.1 mL 10% chloral hydrate and 1% atropine), 100 L of RGD-AuNRs in PBS was intramuscularly injected into the right hind leg area (C Au = 10 mg/mL) and subcutaneously injected into the back of mouse (C Au = 5 mg/mL), respectively. The mouse was fixed on a homemade holder using the above micro-CT imaging system with parameter setting unchanged. As a control contrast, the mouse was scanned before RGD-AuNRs injection. And 10 days after injection, no proof of toxicity was observed.
In Vivo Micro-CT Imaging of RGD-AuNRs Targeting
Tumor Mouse. Two nude mice were injected with cancer cells (2 × 10 6 ) into the right arm and divided into two groups including positive group (U87 cells) and negative group (HT-29 cells), until the tumor reached a diameter of over 0.5 cm. 100 L PBS solution of RGD-AuNRs (C Au = 3 mg/mL) was tail vein injected into the two nude mice, respectively. The first scanning was carried out before (0 h) tail vein injection by NanoScan PET/CT (Mediso, Medical Imaging Systems, USA) with operating parameters of 55 kV and 146 A to determine the CT datum line. CT scanning was performed after tail vein injection of RGD-AuNRs at time points of 1 and 3 h. All CT scans were performed under gases of isoflurane anesthesia. The contrast effect was quantitatively determined by the differential contrast in CT values (in HU).
Results
Characterization of the Nanoparticles.
The characteristics of the gold nanomaterials are shown in Figure 2 . And the UV-visible absorption spectrums of gold nanomaterials are presented in Figure 2 (a). Compared to the spectrum of AuNRs, there was a minimal redshift in the longitudinal peak when conjugated with RGD, similar to PEGylation-AuNRs (PEG-AuNRs). The absorption spectrums demonstrated that the AuNRs, even after modification with HS-PEG-COOH and RGD, were able to maintain their morphology and optical properties in the NIR region. The structure and size of AuNRs were evaluated by TEM, as shown in Figure 2 (b). The AuNRs had a good rod shape with a smooth surface, with aspect ratio (AR) of 2.5. At each step, surface potentials of AuNRs which changed with surface ligands changing are shown in Table 1 . As declared in Figure 1 , the AuNRs were first stabilized by HS-PEG-COOH and then by RGD in a sequential manner. The surface of the synthesized AuNRs was wrapped in CTAB with a positive surface charge of 40 mV. The HS-PEG-COOH substituting step decreased the surface potential to about −25 mV, whereas RGD conjugation increased the zeta potential roughly to a degree of −17 mV. The potential variation suggested that RGD was successfully conjugated with PEG-AuNRs.
Stability of RGD-AuNRs. The test of stability of RGDAuNRs was very important for their applications in vivo.
Gormley et al. [31] investigated that the aggregation extent of RGD-AuNRs could be reported by the different absorption properties in the UV-Vis spectrum. So the stability of RGDAuNRs was analyzed via UV-Vis spectrometry (Figure 3 ). It could be seen that in the deionized water the spectrums of RGD-AuNRs and AuNRs did not show major changes. However, it was a different case when they were dispersed into 10% NaCl. RGD-AuNRs dispersed into 10% NaCl had a similar spectrum as deionized water. But the spectrum of AuNRs dispersed into 10% NaCl changed obviously, which suggested that AuNRs had aggregated and were unstable. The results indicated that RGD-conjugated AuNRs significantly improved the stability of the particles.
The Effects of RGD-AuNRs on Cytotoxicity In Vitro.
After studying the RGD-AuNRs characteristics, we examined the extent of cytotoxicity to tumor cells. During the AuNRs preparation process, the surface stabilizer CTAB has a strong cytotoxicity, so it was necessary to analyze the cytotoxicity of RGD-AuNRs. The MTT assay results of U87 and HT-29 cells, which are showed by open bars in Figure 4 , both indicated that when the concentration of AuNRs (here, we actually referred to the concentration of Au) was higher than 0.1 nM, there was a high cytotoxicity (lower than 80% viability). When the concentration was greater than 1 nM, the cell viability decreased apparently. On the other hand, due to the conjugation of RGD, no significant effects on the cell viability (higher than 80% viability) were seen even at a high concentration of 10 nM, as shown by closed bars in Figure 4 . The data indicated that RGD conjugation significantly improved the biocompatibility of AuNRs for biomedical applications, especially when the concentration of particles required was high. RGD-AuNRs possessed a property of noncytotoxicity in the given concentration range and should be suitable for CT imaging applications in vivo.
The Ability of RGD-AuNRs Binding Tumor Cells.
The ability of RGD-AuNRs to binding with tumor cells was evaluated by dark-field imaging, as shown in Figure 5 . In terms of some tumor cells that had an expression of integrin V 3 to varying degrees, our tests used human glioblastoma line, U87 ( a) and 5(b) ). Finally, the binding ability of the RGD peptide was directly related to the expression ability of integrin V 3 . With the higher expression of integrin V 3 on the tumor cells, it was easier for RGD-AuNRs to recognize tumor cells which provided us with excellent supporting for in vivo tumor targeting micro-CT imaging.
Micro-CT Imaging of Gold Nanoparticles
Micro-CT Imaging of AuNRs.
AuNRs have a strong X-ray attenuation, which are promising nanomaterials as contrast agents for CT imaging. In our study, the Hounsfield Units (HU) of AuNRs, iohexol, and deionized water were measured by micro-CT imaging system. Figure 6 shows the CT images and the attenuation values (in HU) of each sample. The higher the concentration of AuNRs was, the brighter the images were, which indicated an increased Xray attenuation. HU quantitatively showed the proportional relationship between the concentration of AuNRs and CT signal intensity. When the concentration of iohexol and AuNRs kept the same level, a higher HU value of AuNRs was shown, which indicated that at the same X-ray dose, AuNRs would be more ideal as CT imaging contrast agents.
Feasibility Verification of In Vivo Micro-CT Imaging of RGD-AuNRs.
To verify the feasibility of RGD-AuNRs for CT imaging in vivo, 100 L RGD-AuNRs in PBS was intramuscularly injected into the right hind leg area (C Au = 10 mg/mL) and subcutaneously injected into the back of mouse (C Au = 5 mg/mL), respectively. And then the mouse was placed on a homemade holder after anesthesia and scanned by micro-CT imaging system. As shown in Figure 7 , compared with other soft tissues, the back and leg area with injection had a contrast enhancement, which was attributed to the strong Xray attenuation of AuNRs. Before and after injection, the CT values of the injection sites were illustrated in Figure 8 . The corresponding injection sites of the mouse showed a clearly distinguished CT signal intensity and a significant change in brightness which indicated a direct evidence of the imaging effect of RGD-AuNRs as contrast agents for CT imaging. And with a higher concentration of RGD-AuNRs, the brightness of the injection site was higher. CT values (in HU) changed obviously from 11 to 100 (back) (Figures 8(a) and 8(c) ) and 9 to 186 (right hind leg) (Figures 8(b) and 8(d) ). Up to 10 days after injection, the mouse's behavior was normal which indicated that RGD-AuNRs were harmless to mouse.
In Vivo Micro-CT Imaging of RGD-AuNRs Targeting
Tumor Mouse. Human glioblastoma cells (U87) as a positive group and human colon cancer cells (HT-29) as a negative group were inoculated in nude mice. In our study, CT imaging was used to detect the ability of RGD-AuNRs to target tumor cells and tumor neovasculature during the whole blood circulation. a potential contrast agent at the U87 tumor site to enhance X-ray signal for CT imaging.
Discussion
X-ray computed tomography has advantages of high spatial resolution, wide range of applications, easy operation, low cost, and so forth. So far CT imaging is still the most basic and primary tumor pathological examination method, and even the preferred screening method for tumors on some parts of the bone tissues. Since the 1970s, iodine containing molecules as CT imaging contrast agents have been widely applied on CT imaging. But with the development of clinical medicine, iodine containing molecules as CT imaging contrast agents in imaging depth, imaging time, and specificity of imaging have been unable to satisfy existing imaging requirements. Since 2004, Hainfeld et al. [32] investigated the high atomic weight of gold in the field of X-ray imaging; most of the examination on inorganic nanoparticles-based X-ray contrasting agents is focused on gold nanoparticles or their hybrids. With lower X-ray dosage, gold has a better X-ray attenuation than iodine. Besides the characteristic that gold nanomaterials display a strong X-ray attenuation, researches have also focused on their use for X-ray CT and multimodal imaging in terms of the substantial control of their physical, chemical, and biological properties [33] . As emphasized above, the applications of gold nanomaterials for CT imaging and cancer diagnosis are superior with the properties of easy self-assembly with specific functional molecules or targeting agents for targeting tumor cells (e.g., antibody, aptamers, and peptides), prolonged circulation time, enhanced renal clearance, noticeable optical properties that could be varied depending on their particle size and shape, and the satisfactory biocompatibility [20, 27, 29] . With the change of the shape, gold nanorods (AuNRs) perform tunable optical properties which could be applied on biomedical targeting, photothermal therapy, and in vivo imaging [30, 31] . More recently, AuNRs as a potential X-ray contrast agent have been used in CT imaging [34] . In the literatures, it has been reported that PEGylated gold nanorods can lead to a prolonged half-life time of 19 h [35] .
Kim et al. [36] and Cai et al. [37] exploited in vivo applications of AuNPs as X-ray contrast agents with micro-CT. They managed PEGylted AuNPs as blood pool contrasting agents to provide apparent vascular contrast enhancement effect with plasma half-time around 12 h and 14.6 h, respectively. On the other hand, to enhance the targeting ability, AuNRs can be functionalized by chemical modification such as DNA, peptides, and antibodies. In this study, we have prepared a new RGD-AuNRs probe for integrin V 3 targeting and tumor imaging. By PEG modification and small molecule peptides RGD conjugation, unspecific binding ability of AuNRs could be dramatically decreased while targeting ability was increased obviously which can benefit the accumulation of AuNRs in tumor tissues and prolonged the residence time in the biological tissues. Also the MTT assay and stability measurement showed that RGD conjugation eliminated their cytotoxicity and improved their biocompatibility and stability. RGD conjugation increased the in vitro integrin V 3 binding affinity by the contrast between RGD-AuNRs and PEG-AuNRs. The feasibility of RGD-AuNRs for the noninvasive detection of integrin V 3 expression was assessed in both U87 and HT-29 tumor models. And the tumor uptake of AuNRs-RGD was also significantly higher in integrin V 3 -positive U87 tumor model than in integrin V 3 -negative HT-29 tumor model.
Since AuNRs stabilized with CTAB show strong cytotoxicity, the management that barely depending on centrifugation will lead to aggregation of AuNRs. Several methods to eliminate the toxicity of AuNRs and stabilize them in physiological environment have been researched. Jain et al. [38] confirmed photothermal therapy and NIR cell imaging by anti-EGFR antibody-conjugated AuNRs which could bound to malignant cancer cells expressing EGFR as light scattering and photothermal therapy agents in vitro. There exist several other methods that have been reported to displace CTAB to modify the surface chemistry and decrease the cytotoxicity of AuNRs, including polyelectrolyte wrapping [39] , substitution by a thiol-terminal PEG [25] , and alternative by alkanethiols [40] and lipids [41] . Niidome et al. [35] demonstrated the feasibility to reduce the toxicity by PEG modification. In their study, they testified the cell viability of two kinds of AuNRs (stabilized by CTAB and modified with PEG). The results also verified the fact that PEG modification is an effective strategy for preparing biocompatible materials. Here, we managed to replace CTAB with PEG for biological applications. PEG modification was achieved by adding PEG in the AuNRs solution; then, excess PEG was removed by centrifugation. PEG-modified gold nanoparticles showed a nearly neutral surface and had little cytotoxicity in vitro. In our studies, the results suggested that the substitution of CTAB by polyethylene glycol eliminated the cytotoxicity of AuNRs to a large extent (Figure 4) . It is well known that integrin V 3 plays a decisive role in tumor growth, invasion, and metastasis. Gladson [42] and Bello et al. [43] proved the fact that integrin V 3 expression occurs in glioma endothelial cells using relatively small numbers of tumor frozen sections. Integrin V 3 has a negligible expression on epithelial cells and mature endothelial cells, but it is highly upregulated on the activated endothelial cells of tumor neovasculature and some tumor cells such as human glioblastoma cell line [44, 45] . It is noteworthy that peptides (RGD) could target integrin V 3 , which can specifically track several kinds of tumors, whereas antibody can only specifically recognize one certain kind of tumor. Haubner et al. [46] studied for the first time the corresponding relationship between the tumor uptake ability of RGD probe and the integrin V 3 expression level. And U87 cells were chosen as the integrin V 3 -positive cells and HT-29 cells were chosen as the integrin V 3 -negative cells.
In vitro integrin V 3 receptor binding ability of RGDAuNRs was analyzed by dark-field imaging experiments. The uptake efficiency of AuNRs-RGD by U87 cells was much higher than HT-29 cells. For U87 cells (positive group) that had a higher expression of integrin V 3 than HT-29 cells (negative group), the specific binding of RGD-AuNRs with U87 cells was more obvious (Figure 5 ). The RGD-AuNRs were tail vein injected into two nude mice tumor models of U87 (integrin V 3 -positive tumor) and HT-29 (integrin V 3 -negative tumor) for CT imaging. RGD-AuNRs were capable of specifically recognizing tumor cells and tumor neovasculature with a high expression of integrin V 3 . The accumulation of RGD-AuNRs at the U87 tumor site was more significant than the HT-29 tumor site. The CT images of the tumor site with a higher contrast than other soft tissues due to the high X-ray attenuation of RGD-AuNRs specifically in the U87 tumor model (Figure 9 ). Because of the systemic circulation and metabolism in vivo and the character of nanomaterials themselves, some AuNRs intravenously injected could not finally arrive at the tumor site. So compared to the CT imaging of subcutaneous and intramuscular injection of RGDAuNRs into the mouse (Figures 7 and 8) , the results were less obvious. Some methods may be effective in making the imaging more clear and increasing the contrast effects. Adding large gold doses is an optional method [47] ; thus, amounts suitable for accurate quantification can be used to provide noise-free images clearly. Another factor is the micro-CT unit. By tweaking these preferences, favorable contrast from gold can also be produced owing to its significantly greater attenuation coefficient than soft tissue [47] . Dou et al. demonstrated that the optimal sizes of spherical AuNPs for simultaneous CT imaging and radiosensitization could be selected and evaluated based on the distinctive size-dependent enhancement effects [48] . Regulating the aspect ratio and the size of the RGD-AuNRs that we synthesized may achieve the same goal. The contrast effects of subcutaneous and intramuscular injection of RGD-AuNRs into the mouse were bright enough to verify the feasibility of gold nanomaterials in vivo imaging. This may due to the resistance in other organs during the blood circulation. Niidome et al. [35] verified the biodistribution of surface modified AuNRs after intravenous injection by ICP mass spectrometry at different time points. AuNRs may accumulate in the liver and other major organs like kidney with the flow of blood. Yang et al. [49] investigated the interaction mechanism of nanomaterials with multiple biological tissues. By nanomaterials passivation, hydrophobicity/hydrophilicity, dissolution, and coating, particles may tend to interact with cell membranes and surrounding medium. Thus, due to the systemic circulation and metabolism in vivo, not all intravenously injected AuNRs could finally arrive at the tumor site. This explained the phenomenon that the CT imaging of intravenous injection was not satisfied as subcutaneous and intramuscular injection of RGD-AuNRs. In subsequent study, we will focus on the research of the relationship between the best contrast agent loading or concentration and the multimodal imaging of gold nanomaterials.
Conclusion
The result is noteworthy for biomedicine applications of gold nanomaterials. And most researches have illustrated that the well-established application between strong X-ray attenuation, facile chemical and surface properties, and low toxicity has focused on gold nanoparticles-based systems. But for better clinical use, the targeting ability and multimodal imaging capability need to be further improved. Herein, first of all, compared with the existing iodine containing molecules contrast agents, gold nanorods (AuNRs) that we synthesized are more promising as CT contrast agents for its nontoxic, high contrast, long imaging time, and other advantages. In the second part, the modification of RGD peptide could improve biocompatibility and stability of AuNRs. RGDAuNRs targeting tumor CT imaging has improved the resolution of tumor tissue. RGD-AuNRs could be excreted without toxic side effects. And the RGD-AuNRs based targeting therapy agents can be applied on various tumors with high expression of integrin V 3 .
In a word, the RGD-AuNRs that we compounded as a significant potential candidate in biomedical applications possess many advantages. First, AuNRs have an adjustable optical property. The longitudinal plasma resonance absorption peaks of RGD-AuNRs that we synthesized was in the near-infrared light region. Second, the strong penetration of near-infrared light in tissues makes it possible to improve the imaging depth of AuNRs. Furthermore, the good biocompatibility and nontoxicity of RGD-AuNRs that we prepared have the capacity to improve the micro-CT imaging and the ability to target U87 glioblastoma tumor models. Due to these properties, their imaging capability has been greatly improved, including CT imaging and optical imaging. Therefore, RGDAuNRs nanoprobes can be excellent materials in biomedical applications such as tumor targeting and imaging.
